In earthworms, differences in the chloragogenous tissue morphometry may be related to the bioavailability of metals in soils.
Introduction
Many studies have investigated anthropogenic metal pollution but few have focused on natural inputs of metals to soils. An example of natural input is volcanic activity, which can occur through lava emissions, degassing soils, and hydrothermal sources. Volcanic rocks and gases are responsible for the presence of metals such as As, Hg, Pb, Al, and Zn in soils of volcanic origin (Ferreira and Oskarsson, 1999; Kelepertsis et al., 2001) , since diffusion of acidic volcanic gases through water permeable rocks contributes to the hydrological material transfer in volcanic strata (Cruz et al., 1999) . Due to the high fertility of volcanic soils, volcanic regions are typically densely inhabited, and that can make them important scenarios for the study of the effects of high levels of metals in soils.
It is widely accepted that environmental risk assessment cannot be based solely on chemical analyses, and that the measurement of the biological effects of pollutants has become very important for the assessment of environmental quality (Bayne, 1989; Gray, 1992) . One approach to assessing changes in environmental quality is the use of biomarkers. Biomarkers are measurements at low levels of biological organization (molecular, cellular and tissue levels) that indicate exposure to particular compounds or elements, or the effects of such exposures (exposure biomarkers and effect or stress biomarkers, respectively). Because of their relatively prompt response, these biomarkers have also been proposed as ''early warning'' tools for biological effect measurement, in anticipation of changes at higher levels of biological organization (Cajaraville et al., 2000; McCarthy and Shugart, 1990) . The biomarker approach has been widely applied in coastal areas using mussels and other mollusks as sentinels. More recently, and based on the same approach, slugs and earthworms have been proposed as sentinel species for soil quality assessment Morgan et al., 2002) .
Earthworms are burrowing detritivores that function as primary decomposers and that play an important role in the formation of soils, and mixing of their organic and inorganic fractions (Grelle and Descamps, 2000; Laskowski et al., 1998) . Previous studies have shown how some of these invertebrates are able to tolerate high concentrations of metals in the soil (Langdon et al., 1999 (Langdon et al., , 2001 and that the posterior alimentary canal is their main site of metal accumulation, where the chloragogenous tissue separating the absorptive epithelium from the coelom is a major metal depository (Fischer and Molnar, 1992; Morgan et al., 2002) .
In addition to chloragogenous tissue, the intestinal epithelium also exhibits a great ability for metal accumulation as Morgan et al. (2002) found for another oligochaete species, Dendrodrilus rubidus.
The variation of the radial thickness of both these tissues may reflect different cellular turnover rates caused by exposure to metals and has been suggested as a biomarker of effect for metal exposure in terrestrial worms (Amaral and Rodrigues, 2005) . Thus, the aim of the present study was to investigate if the radial thickness of the chloragogenous tissue and intestinal epithelium of earthworms, Lumbricus terrestris, reflects the bioavailability of metals in soils.
Material and methods

Sampling sites
The Azores archipelago comprises nine islands and is located in the North Atlantic Ocean at the triple junction of Eurasian, African and North American plates, characterized by a complex tectonic settlement, where seismic and volcanic phenomena are common (Nunes et al., 1993) . São Miguel and Santa Maria are the two most eastern islands of this archipelago, and the latter is the oldest of all nine. Situated in São Miguel, which is the largest island (757 km 2 ), Furnas is a rural parish inside a caldera complex that is considered one of the most active and dangerous volcanoes in the Azores archipelago (Guest et al., 1999) . Santa Maria, which is one of the smallest islands (92 km 2 ), is also rural but, in contrast, no volcanic activity took place for over 3 million years (Feraud et al., 1984) .
Soil and earthworms: collection and metal analysis
During autumn, soil samples (0e30 cm depth; 1 kg) were collected from five sites in Furnas and four sites in Santa Maria in similar ways and processed identically for pH-H 2 O (LNEC, 1967a), organic matter (LNEC, 1967b) , claysilt percentage, moisture, and metal (Al, Ca, Cd, Cu, Fe, Pb, Zn) analysis. Clay-silt percentage was measured after particle-size fractionation through wet sieving, with asieve aperture lower than 63 mm, and separating clay-silt from sand. Moisture in soil samples was calculated by the difference between fresh and dried soil. Samples were also thoroughly mixed, air-dried and lightly crushed prior to digestion with aqua regia in preparation for determination of metal concentrations by inductive coupled plasma analysis (Actlabs, Canada).
For Cd, Cu, Pb, and Zn, samples were digested with four acids beginning with hydrofluoric acid, followed by a mixture of nitric and perchloric acids, and hydrochloric acid. Appropriate international reference materials for the metals of interest also were digested and analyzed at the same time.
By digging and hand sorting, during autumn, nine samples of clitellate L. terrestris (Oligochaeta: Lumbricidae) were collected, 20 per sample totaling 180 earthworms, from nine sites. Five samples were from five sites within Furnas and the other four were from four sites within Santa Maria. Earthworm sampling areas corresponded with the ones for soil sampling. Earthworms were transferred to the laboratory, where they were depurated of gut contents by placing them on moistened paper for 36 h. Ten worms from each sample were dried (130 C), digested in concentrated nitric acid (HNO 3 ), and finally dissolved in 0.1 N HNO 3 , prior to analysis of Al, Ca, Cd, Cu, Fe, Pb, and Zn by flame atomic absorption spectrophotometry.
Histological processing
The remaining 10 depurated specimens of L. terrestris from each site were used for light microscopy, autometallography, and morphometry purposes. From each worm, a fresh piece of tissue located posterior to the clitellum was excised and fixed, for 1 h, in Carnoy's fixative (Martoja and Martoja-Pierson, 1970) , dehydrated in alcohol, cleared in methylbenzoate (overnight), rinsed in benzene, embedded in paraffin, and sectioned at 7 mm thick sections. Two sets of six sections per individual were obtained, one for autometallography and the other for morphometry.
Autometallography
The procedure used to demonstrate metals in the tissue sections was autometallography, which is a histochemical technique based on principles of photography . Paraffin sections were dewaxed in xylene, hydrated in ethanolewater mixtures and left in an oven at 37 C until completely dried. Tissue sections were covered with a photographic emulsion (Ilford Nuclear Emulsion L4) under safety light conditions. After drying for 30 min in total darkness, sections were rinsed in a developer bath (1:5, b/w Ultrathin Tetenal) for 15 min, rinsed in a stop bath (1% acetic acid) for 1 min, and finally rinsed in a fixative bath (1:10, b/w Agefix Agfa) for 10 min . Sections were mounted in Kaiser's glycerol gelatine (Merck). Metal ions were developed as black silver deposits (BSD).
Morphometry
Another set of sections was stained with haematoxylin and eosin (Martoja and Martoja-Pierson, 1970) . To quantify the radial thickness of the chloragogenous tissue and intestinal epithelium, the first and the fifth sections of each individual were used and both were theoretically divided into four regions each, for a total of eight measurements per individual. Measurements were made by a single observer using micrometric eyepieces. For statistical analysis, it was considered the average of the eight measurements per individual, and each individual as replicate.
Statistical analyses
Differences in metal concentrations of soils and earthworms were examined by a one-way ANOVA and considered significant when p 0.05. Differences determined by morphometry in the radial thickness of the earthworm chloragogenous tissue and intestinal epithelium from the nine sites were also examined by a one-way ANOVA, after log 10 transformations of the data. Correlations and regressions between the mean metal burdens in soil and worms, and the mean radial thickness of the chloragogenous tissue and intestinal epithelium were calculated using SPSS 11.5 (SPSS Inc.).
Results
The soils from the volcanically active area, Furnas, were richer in organic matter (OM), more humid and presented a lower pH than the soils from Santa Maria. Also, the percentage of clay-silt in Santa Maria was almost twofold higher than in Furnas (Table 1 ).
The concentrations of Al, Ca, Cu, Fe, and Pb in the soils of Santa Maria were higher than those from Furnas (Fig. 1A,C ). An exception to this was the concentration of Zn, which was higher in the latter (Fig. 1E) . However, only the concentrations of Cu (ANOVA, p ¼ 0.035, n ¼ 9) and Fe (ANOVA, p ¼ 0.002, n ¼ 9), almost threefold higher in Santa Maria, differed significantly between the two areas examined. The concentrations of bioavailable metals, measured in the earthworms (Fig. 1B,D,F) , did not correspond directly to the concentrations of metals in the soils from Furnas and Santa Maria, respectively. The metal contents in earthworms from Furnas were mostly higher than in specimens collected in Santa Maria. The only exception was Cu that exhibited higher levels in specimens from Santa Maria than in those from Furnas, as observed for soils from both localities (Fig. 1AeE) . However, only Zn concentration differed significantly between the two sampled areas (ANOVA, p ¼ 0.030, n ¼ 9; Fig. 1F ). It is interesting that the concentrations of the nutrient metal Zn in earthworms (bioavailable Zn) from Furnas exceeded the concentrations of this metal in the corresponding soils from Furnas, while Zn in earthworms from Santa Maria when compared to the corresponding soils was lower (Fig. 1E,F) . Cd levels in soils were below the detection limit of the spectrophotometer (DL ¼ 4 mmol kg ÿ1 ), while bioavailable levels of Cd were measured in earthworms from both localities. Moreover, Cd concentration was higher in earthworms from Furnas (19 mmol kg ÿ1 ) than in earthworms from Santa Maria (5 mmol kg ÿ1 ; Fig. 1D ). Autometallography revealed the presence of black silver deposits (BSD) mainly in the chloragogenous tissue and intestinal epithelium of specimens from all sites. However, BSD extents seem to be different between tissues and between sites (Fig. 2) .
The radial thickness of the chloragogenous tissue (RTC) differed significantly between the two areas (ANOVA, p 0.001, n ¼ 90), being lower in Furnas (Figs. 3 and 4) . Concomitantly, the radial thickness of the intestinal epithelium (RTIE) in the earthworms of Furnas was significantly (ANOVA, p 0.001, n ¼ 90) lower than those in earthworms of Santa Maria (Figs. 3 and 4 
Discussion
The concentrations of metals in the soils of Santa Maria were not statistically different from those in the soils of Furnas, except for Cu and Fe that were in significantly higher concentrations in the soils of Santa Maria. The concentrations of Zn in the soils of Furnas were similar to the mean level found in US industrial/residential soils (Agency for Toxic Substances and Disease Registry, 1994) and in the vicinity of a Russian metallurgical factory (Van Straalen et al., 2001) . Based on chemical analyses, earthworms did not reflect the differences in Cu and Fe concentrations in the soils. However, earthworms from Furnas and Santa Maria differed significantly in the concentrations of Zn, the concentrations being almost twofold higher in the former. Factors such as pH, %clay-silt, and %OM are recognized to influence metal bioavailability in soils (Alumaa et al., 2002; Depledge et al., 1994; Kennette et al., 2002) . Therefore, the Santa Maria soils, that have considerably higher %clay-silt than Furnas soils, have significantly higher adsorption levels of Zn, even though the levels of Zn in the soils were not statistically different. Such physical characteristics of the soils may be responsible for reduced bioavailability of Zn, and other metals, for earthworms inhabiting Santa Maria soils.
Interestingly, the levels of Zn in the worms of Furnas were higher when compared with the soils, and some of them were higher than the soil screening benchmark concentration for the toxicity of Zn (Efroymson et al., 1997) . Thus, the earthworms accumulated Zn in higher rates than they excreted it, possibly immobilizing this metal into granules (Morgan and Morgan, 1989) . This is especially relevant for Cd since this metal was not detectable in soil samples while measurable Cd-body burdens in earthworms in both localities suggest a net accumulation of this metal. In addition, worms from soils of Furnas exhibited higher concentration of Cd than worms from soils of Santa Maria, suggesting higher Cd bioavailability in the soils of Furnas.
Although BSD extents were not presently quantified, they seem to exist more in the chloragogenous tissue and intestinal epithelium of earthworms from Furnas than those of earthworms from Santa Maria. In a previous study where BSD extents were quantified, earthworms from Furnas exhibited a higher BSD extent than those from Santa Maria (Amaral and Rodrigues, 2005) .
Significant differences in the radial thickness of the chloragogenous tissue and in the intestinal epithelium were the main biological effects observed in earthworms inhabiting both studied areas. The observed morphological differences were negatively correlated to Zn burdens, and may be interpreted as an adaptation of the earthworms to changes in the uptake of Zn, on its own or in tandem with Cd. High levels of internal Zn, and Cd, may have caused depletion of the studied tissues. According to Morgan et al. (2002) , morphological alterations in the earthworm chloragogenous tissue are a way of handling larger quantities of metals and their elimination, by the extrusion of whole cells (Cancio et al., 1995) . In agreement with this effect, it has been found that a variety of environmental organic and inorganic chemical stressors can cause changes in the chloragocytes (Fischer and Molnar, 1992; Vogel and Seifert, 1992) . Amaral and Rodrigues (2005) found higher apoptotic rates of the cells of the chloragogenous tissue and intestinal epithelium in Furnas. Since this is possibly related to higher Zn and Cd bioavailability it may explain the lower values of RTC and RTIE found in this volcanically active area.
Conclusions
The active volcanic area, Furnas, presents a higher bioavailability of certain metals (Cd, Zn) than the inactive volcanic area, Santa Maria, which may be stressing and forcing earthworms, and perhaps other organisms, to adapt by changing morphometric characters of some of their organs, such as the chloragogenous tissue in earthworms. Thus, the radial thickness of the chloragogenous tissue and intestinal epithelium of L. terrestris that reflects the bioavailability of metals in soils is herein proposed as a biomarker of effect for metal exposure, knowing, however, that more research is needed to establish this assumption. 
